In the context of the deep geological repository of nuclear wastes, Andra con- Email address: f.collin@ulg.ac.be (F. Collin) 1 FRIA, F.R.S.-FNRS scholarship holder Preprint submitted to Computers and Geotechnics March 18, 2016 to reproduce the EDZ behaviour. Modelling shear banding around the gallery is an important aspect that leads to a better description of the EDZ for the considered claystone. Moreover, considering the material viscosity allows a better reproduction of the gallery convergence in the long term.
Introduction
The underground repository of nuclear wastes in deep geological formations is nowadays a crucial issues. To assure a safe repository on the long term, the behaviour of the possible host formations and of the underground structures, where the most hazardous type of wastes will be stored, need to be defined and Many experimental measurements and observations in the considered argillaceous rock have highlighted that damage and fracturing around the galleries play an important role in the hydro-mechanical behaviour of the Excavation aged Zone (EDZ) [1, 2] . The latter is a zone that develops around underground galleries due to the drilling process and which is dominated by irreversible hydromechanical property changes. The shape and extent of the EDZ is also domi-nated by the material anisotropy either of the in situ initial stress state or of the mechanical behaviour. Taking into account the material anisotropy and the 25 representation of the fractures are therefore necessary to correctly predict the behaviour of the EDZ.
The proposed constitutive model is a cross-anisotropic and elasto-viscoplastic model. The anisotropy is considered both for the elastic and plastic behaviours of the material. For the plastic behaviour, the evolution of a strength parameter 30 is considered with a microstructure fabric tensor. Creep deformations are also considered by the introduction of a viscoplastic mechanism in order to reproduce the increase of gallery convergence which is observed in the long term.
The different aspects of the model are calibrated based on experimental results obtained in laboratory, on small-scale samples, and provided by Andra.
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Among various possibilities to represent the fractures, it is chosen to represent them at large scale around galleries with strain localisation in shear bands [3] . This approach is chosen because shear banding is usually observed in geomaterials and develops before localised rupture or fractures [4] . Furthermore, the fracturing process in the Callovo-Oxfordian claystone is dominated by shear 40 fractures around the galleries [2] ; thus, shear banding can be an adequate manner to represent these fractures [5] .
The proposed approach aims to highlight the contributions of material anisotropy, viscosity, and shear banding in the reproduction of the claystone behaviour as well as in the development of the EDZ. The numerical modelling are realised 45 with the non-linear finite element code Lagamine developed at the University of Liège [6] . The results indicate that the EDZ behaviour and the gallery convergence can not be well represented without considering the reproduction of the fractures in the rock.
Constitutive models
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The Callovo-Oxfordian claystone is assumed to be a biphasic porous medium composed of solid particles and liquid water under unsaturated conditions. The constitutive equations of the hydro-mechanical model are described in this section. Firstly, the balance equations are established, then the mechanical and hydraulic models are detailed for a cross-anisotropic rock exhibiting creep de-55 formation. Moreover, gravity is not taken into account in the problem.
Balance equations
The balance equations are described hereafter for classical poromechanics defined at macroscale and for microstructure medium. The latter is relevant for the modelling of strain localisation in geomaterials. 
where the general notation a * represents the kinematically admissible virtual quantity a, Ω is the porous material configuration, u i is the macroscale displacement field, ij is the strain field, σ ij is the total stress field (σ ij > 0 for compression), and t i is the classical external traction force per unit area acting 65 on a part Γ σ of the total boundary Γ. Further, p w is the pore water pressure field (p w < 0 if suction), f w,i is the mass flow of water,Ṁ w is the variation of the water mass, q w is an input water mass per unit area on a part Γ qw of Γ, and Q w is a water sink term.
The effective stress field σ ij is defined by Biot's postulate [7] under unsaturated conditions and takes into account the solid phase compressibility:
where b ij is the Biot's tensor for anisotropic materials (Eq. ??), and S r,w is the 70 degree of water saturation.
Microstructure enhanced medium
In geomaterials, shear strain localisation is often observed before the localised failure of the material and fracturing. When subjected to external solicitations, homogeneous deformation are firstly visible in geomaterials; then,
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once the damage threshold is reached, material damage by microcracking develops. Further, if microcracks coalesce, it can lead to strain localisation in shear bands and to the onset of interconnected fractures (macrocracks). It is therefore proposed to represent the shear fractures around the galleries in a continuous manner (weak discontinuities) with strain localisation in shear bands [8, 9] .
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In classical finite element methods, the strain localisation suffers a mesh sensitivity [10] which can be avoided by regularising the numerical method with the introduction of an internal length scale. The latter allows a proper reproduction of the post-localisation material behaviour. Among the various regularisation methods that exist, an enrichment with microstructure kinematics is considered 85 [11, 12] . The coupled local second gradient model is used and introduces microscale kinematics in addition to the classical macroscale kinematics [13, 14, 3] .
The momentum balance equation of the mixture is:
where Σ ijk is the double stress, υ ij = ∂ui ∂xj is the gradient field of the microkinematics, n k is the normal unit vector to the boundary, and T i is the additional external double force per unit area. The double stress Σ ijk involves an addi-90 tional constitutive law in which the internal length scale is introduced.
It is assumed that the pore fluid does not have an influence at microscale [15] . Second gradient effects are only assumed for the solid phase and the water mass balance equation 2 of classical poromechanics is conserved.
Mechanical models
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The Callovo-Oxfordian claystone is a sedimentary material which exhibits a cross-anisotropy, i.e. transverse isotropy, with quasi-horizontal isotropic planes (bedding planes). Creep deformations have also been observed for this material. Therefore, the rock behaviour is defined with an elasto-viscoplastic hydromechanical model including cross-anisotropy. 
First gradient
The elasto-plastic behaviour is defined for a transversely isotropic material, which properties depend on the loading orientation relative to the preferential axes of the material structure.
The elastic law is classically defined with the Hooke's linear relation [16, 17] 105 and the compressibility of the solid grains is defined through the Biot's tensor [18] . The parameters that describe the elasticity are detailed in Table 2 for the considered rock. The subscripts and ⊥ indicate the directions parallel and perpendicular to the isotropic planes, respectively.
A non-associated plasticity is considered with a plastic behaviour defined by an internal friction model and by a Van Eekelen yield surface [19] :
where c is the rock cohesion, ϕ c is the friction angle in compression, I σ and
IIσ are the first and second stress invariants, and m is a model parameter which introduces the dependence to the Lode angle. An isotropic hardening or softening is allowed for the cohesion and the friction angles. The evolutions of the strength parameters follow hyperbolic functions [20] which are defined as follows:
where a is a strength parameter, a f and a 0 are its final and initial values, δ ij is the deviatoric part of the plastic strain tensor p ij , B a is an evolution parameter, and dec a is the value ofˆ p eq from which hardening/softening starts.
The inherent anisotropy of the plastic behaviour is introduced with a second order fabric tensor A ij which represents the microstructure of the material [21, 22, 23] . The anisotropy and spacial distribution of the cohesion are defined with this tensor. Moreover, the cohesion also depends on the direction of loading relative to the orientation of the material microstructure [24] . For cross-anisotropic rocks, the evolution of the initial and final cohesions, c 0 and c f , are given by:
where A is the component of the microstructure fabric tensor in the isotropic 115 planes,c and b 1 are constant parameters, ξ is the ratio of cohesion softening, and l is the component of a generalised unit loading vector l i [25] on a facet parallel to the isotropic planes. The loading vector is defined as the resultant of the stress state on the material facets.
Viscoplasticity is also taken into account to reproduce the creep deformation of the claystone [26, 27] . The plastic strain is assumed to be composed of an instantaneous strain p ij independent of time and of a time-dependent creep strain vp ij [28] . The viscoplastic loading surface is defined as [29, 30] :
where R c is the uniaxial compressive strength, A is an internal friction coefficient, C s is a constant cohesion coefficient, α vp is a delayed hardening function defined as:
where α vp 0 is the initial threshold for the viscoplastic flow, B vp is a hardening 120 parameter, and vp eq is the equivalent viscoplastic strain. A complete description of the viscoplastic model is available in [29] and [30] .
Second gradient
For microstructure media, a constitutive stress-strain relation between the kinematics and the stress at microscale is required in addition to the classical stress-strain relation. This law relates the rate of the micro second gradient ∂υij ∂x k to the Jaumann double stress rateΣ ijk . It is an isotropic linear elastic equation defined in [31] 
This second gradient law is decoupled of the classical first gradient part and it is assumed that the pore fluid does not have an influence at the microscale. Thus,
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the second gradient mechanical law is not related to the pore water pressure.
The matrix D ijklmn in Eq. 11 is composed of only one elastic parameter D in its simplified version proposed in [32] . This elastic modulus represents the physical microstructure of the material and is linked to an internal length scale introduced to regularise the post-localisation material behaviour [33, 34] . The shear
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band width is related to this parameter which allows a correct representation of the strain localisation process by restoring mesh objectivity [14] .
Hydraulic model
The transfer of the liquid water by advection is modelled in unsaturated porous media by the generalised Darcy's law. The latter depends on the anisotropic 135 tensor of saturated (intrinsic) water permeability k ij and on the relative water permeability k r,w . For cross-anisotropic rocks, k ij is defined by k and k ⊥⊥ .
Furthermore, the partial saturation of the rock is defined by a relative water permeability curve and a retention curve from Mualem -van Genuchten's model [35] . softening for a homogeneous material. As mentioned previously, the post-peak behaviour should be related to the appearance of shear banding. Moreover, a softening behaviour engenders the appropriate conditions for the onset of strain localisation. Consequently, the softening parameters have to be adapted to trigger strain localisation for the considered application of a gallery excavation.
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The cohesion softening will therefore not be reproduced for the other calibrations at small scale and shear banding will be modelled later for the gallery drilling. Secondly, after the calibration of the plastic properties under compression, the extensional plastic properties are evaluated. Thirdly, the parameters of the cohesion anisotropy are calibrated. Finally, the viscoplastic parameters 185 are evaluated in section 3.4.
Hydraulic parameters
The hydraulic parameters of the Callovo-Oxfordian claystone required for the model come from [36] where a synthesis of the claystone parameters is detailed. The calibration is obtained from laboratory experiments and from 190 results available in the literature. The parameters are summarised in Table 1 .
Elastic parameters
To evaluate the anisotropic elastic parameters, compression experiments have been realised on samples for different loading directions with regard to will be used are detailed in Table 2 . They come from the literature and from syntheses of laboratory test results [36, 37] .
Following the reference document of Andra [37] and syntheses of the main elastic parameters, the ratio of Young's modulus parallel and perpendicular to the bedding planes ranges from 1.05 to 1.4, with average values of about
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E ⊥ = 4 GP a, E = 5 GP a, and E /E ⊥ = 1.25. For the other anisotropic elastic parameters, a certain dispersion is observed and a clear tendency is not straightforward [38] . The values that are finally chosen are detailed in Table 2 .
Moreover, the Biot's coefficient in the orientation of the isotropic bedding planes corresponds to the isotropic value prescribed by Andra b = 0.6, which gives 205 b ⊥⊥ = 0.66 by the micro-isotropy assumed in Eq. ??.
Plastic parameters
The calibration of the plastic parameters is realised based on the experimental data provided by Andra in the context of the benchmark and on additional compression tests. The different experimental results are detailed in this section 210 together with the calibration of the numerical model.
Hardening and softening
The hardening and softening plastic behaviour of the Callovo-Oxfordian claystone is calibrated based on triaxial compression tests. The reference tests are performed at different confining pressures, under a relative humidity of RH = 90 %, and are assumed to be realised under undrained conditions. Their characteristics and results are available in Table 3 and Fig. 1 , where 1 is the axial strain, 3 is the lateral strain, and q is the deviatoric stress corresponding to the difference between the axial stress σ 1 and the confining stress σ 3 :
The tests are numerically reproduced by finite element method, with a hydro-mechanical modelling in two-dimensional axisymetric state. The samples are slightly desaturated with a value of RH = 90 % corresponds to p w = 215 −14.2 M P a by Kelvin's law (by taking into account only the capillary effects) and to S r,w = 81 % by the retention curve of the material. Kelvin's law assumes an instantaneous hydraulic equilibrium between liquid water and water vapour inside a porous material. Furthermore, the material is considered with an anisotropic elasticity and an isotropic plasticity (no cohesion anisotropy) to 220 calibrate firstly the hardening/softening parameters.
On the experimental curves of Fig. 1 , one can observe that the pre-peak behaviour is not linear which can be related to the damage of elastic properties or to the hardening of plastic properties. Damage of material characteristics is not taken into account in the model; then, the pre-peak behaviour can be captured 225 by hardening of a strength parameter. The friction angle and the cohesion define the plastic criterion and the friction angle is chosen as the hardening variable.
The post-peak behaviour highlights a material strength decrease that will be captured by softening of a plastic characteristic. For granular materials, it can be assumed that the friction angle does not decrease significantly in the post-
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peak regime. On the other hand, the cohesion is affected and a lower residual value is generally observed. As a consequence, the residual strength is mostly affected by the cohesion which is therefore chosen as the softening variable, and is represented by cohesion softening. The start of the softening can be delayed to reproduce the position of the peak stress on the global response curve of the specimens. This is realised thanks to the softening shifting parameter for the cohesion, dec c (Eq. 6).
Because the material is subjected to compression, only the compressive resis- Table 3 are kept for the hardening parameters and a global calibration with this set of parameters is illustrated in Fig. 1 , without softening. In that figure are also detailed the results for an anisotropic plasticity which will be discussed further. 
Extensional properties
The extensional material properties are evaluated from triaxial extension tests that are performed at constant mean stress σ = σii 3 . Two test results are analysed, one with σ = 12 M P a and another with σ = 13 M P a, for an axial load perpendicular to the bedding planes and assuming a relative humidity of 255 RH = 90% as well as undrained conditions (as for the triaxial compression tests). During these tests, the axial load decreases and the confining pressure increases; therefore, the extension is in the axial direction.
The modelling is performed for an isotropic plasticity and with the average parameters of [-] e 1 [-] e 3
[-] 
• , ϕ e,0 = 7
• , and ϕ c,0 = 10
• . The other hardening parameters B ϕ and dec ϕ are the same in extension than in compression (Table 3) . The dilatancy 265 angles in compression and extension are also equal ψ c = ψ e = 0.5 • .
Anisotropy of cohesion
Among the triaxial compression tests provided by Andra, only one is performed with a compression in the direction parallel to the isotropic planes.
Consequently, the calibration of the anisotropic plastic parameters for the co-270 hesion in Eq. 7 requires additional compression experiments. Based on uniaxial compression results, an evolution of the cohesion of the Callovo-Oxfordian claystone with the loading orientation is proposed in [5] . The cohesion evolves according to Fig. 3 where α corresponds to the angle between the compression direction and the normal to the bedding planes. It can be observed that the 275 minimum value of the cohesion occurs for a loading of about 45
• which corresponds to experimental results on other transversal isotropic argillaceous rock.
For this evolution, the constants of the microstructure fabric tensor (Eq. 7) are: c = 4.1M P a, A = 0.117, and b 1 = 14.24.
To validate these anisotropic parameters, the triaxial compression tests used 
Viscoplastic parameters
As for the plastic parameters, the viscoplastic parameters are determined based on experimental data provided by Andra in the context of the benchmark. 
where the values of the parameters come from [29] : R c = 21 M P a, A = 2.62, Table 4 and the correspondences with the experimental data are illustrated in Fig. 4 . The 320 parameters A 0 , ζ, and n in Table 4 are involved in the viscoplastic flow rule defined in [29, 30] .
Strain localisation
The main drawback of the homogeneous approach of the material behaviour is that it does not take into account any cracks or strain localisation effect.
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The onset and pattern of strain localisation in shear band is related to several material characteristics, which are mainly the softening parameters and the internal length scale. A softening plastic behaviour engenders the appropriate conditions for the onset of shear strain localisation which governs the postpeak behaviour. Thus, the calibration of the cohesion softening parameters 330 would depend upon the structure of shear banding appearance in the CallovoOxfordian claystone. However, this information is rarely available for rocks especially for large-scale problems. Qualitative comparison between numerical and experimental results of compression test that involve shear bands in the Callovo-Oxfordian claystone are available in [39, 5] . The second gradient mechanical law of Eq. 11 has also to be defined to cor- 
Modelling of the excavation damaged zone
Among the different modelling cases realised in the benchmark "Transverse action", only some of them are exposed in the following modelling. The purpose 
Numerical model
The drilling of a gallery is realised in the Callovo-Oxfordian claystone in two-dimensional plane strain state. The numerical model is illustrated in Fig. 5 with the different boundary conditions. A quarter of the gallery is represented by symmetry along the x and y axes.
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The GCS gallery has a radius of 2.6 m and is oriented parallel to the major horizontal principal stress σ H . The initial pore water pressure and the anisotropic total stress state have already been defined in section 3.4. For the orientation of the GCS gallery it corresponds to: p w,0 = 4.7 M P a, σ x,0 = σ h = 12.4 M P a, σ y,0 = σ v = 12.7 M P a, and σ z,0 = σ H = 16.12 M P a. The ini-375 tial stress state in the section, i.e. the perpendicular plane, of the gallery is quasi-isotropic.
Concerning the boundary conditions, the external boundaries of the mesh are drained (constant pore water pressure) and constant total stresses in the normal direction of the boundaries are considered. The symmetry is established The drilling of the gallery is realised by decreasing the total radial stress on the gallery wall following a uniform deconfinement curve adapted from the convergence-confinement method [41] . For the benchmark "Transverse action", 390 the complete excavation is performed in a total of 28 days with the excavation front crossing the studied section after 14 days. Among the different possible supports at gallery wall after the excavation, only a flexible liner is considered (no rigid liner). It is modelled by maintaining a constant total radial stress of 0.3 M P a at gallery wall after the drilling. This radial stress corresponds to the 395 25th day in the deconfinement curve after which the radial stress is imposed constant.
Concerning the pore pressure at gallery wall, it decreases rapidly from its initial value to zero when the drilling front crosses the studied gallery section.
After the excavation, a zero constant pore water pressure is maintained on the 400 gallery wall. It means that the air inside the gallery remains fully saturated with water vapour after the excavation, which corresponds to an air relative humidity of 100 % by Kelvin's law. It consists of a classical flow boundary condition at gallery wall assuming an instantaneous hydraulic equilibrium between the liquid water inside the porous rock and the water vapour of the cavity air.
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However, this imposition at gallery wall does not correspond to the air ventilation usually realised inside underground galleries. The air ventilation could be taken into account to better represent the hydraulic transfer around the galleries [42] . Furthermore, unsaturated conditions are also considered but their impact is limited because the claystone remains almost saturated in the absence 410 of gallery air ventilation.
More information about the deconfinement curves for the radial stress and the pore water pressure can be found in the description of the benchmark "Transverse action".
Classical medium without strain localisation
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The modelling of the gallery excavation is firstly realised for a classical medium (section 2. Secondly, the anisotropic characteristics of the plastic behaviour is also added with the microstructure fabric tensor for the cohesion (Eq. 7 and section 3.3.3).
The plastic zone and the convergences are available in Fig. 6 (c) and Fig. 7 (c) . Table 4 ). For this case, the plastic zone at the end of the drilling is available in Fig. 8 (a) . The extent of the plastic zone is similar to the extent 460 obtained for the modelling without viscosity. However, the plasticity can also be analysed after the gallery excavation. Fig. 8 (b) and (c) illustrate that the plastic zone close to the gallery progressively becomes elastic again. This is due to the drainage of the rock around the gallery and to the hydro-mechanical coupling related to the effective stress definition of Eq. 3. In fact, a decrease 465 of water pressure at gallery wall under constant total stress implies an increase of the effective stress, and therefore of the resistance of the material for the considered plastic criterion. Consequently, integration points that were under plastic loading close the the drift undergo an elastic unloading. However, the shape of this plastic zone as well as the shapes of those obtained previously do The diametrical gallery convergences are detailed in Fig. 9 , for both short and long terms. The viscosity effects are mainly apparent in the long term, with an increase of the convergence after the gallery excavation. It can be noticed 475 that the anisotropy of the convergence also increases in the long term due to the material anisotropy.
Both convergences do not match experimental in situ measurements of convergence of the GCS a gallery. For the different sections of convergence measurement (GCS-OHZ170B to G), the experimental results indicate that the con-480 vergence is anisotropic. The major convergence is measured in the horizontal direction ( Fig. 13 ) which corresponds to the location of the fractures around the gallery [1] . Furthermore, experimental measurements also indicate that the gallery convergence increases in the long term but in a much larger amplitude, especially in the horizontal direction. Neither the anisotropy of the convergence 485 nor its increase in the long term is captured by the numerical modelling, even if the material viscosity is considered. Consequently, considering the material anisotropy and a viscosity based on laboratory creep tests are not sufficient to reproduce the observed shape of the damaged zone and the gallery convergence.
Microstructure medium with strain localisation
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The previous modelling with a classical approach has highlighted that taking into account the anisotropic properties of the material is not sufficient to reproduce experimental observations related to the excavation damaged zone.
Considering the representation of material discontinuities seems necessary to improve the excavation damaged zone modelling. Hereafter, it is proposed to A modelling of the EDZ with shear banding in the Callovo-Oxfordian claystone has been performed in [5] . The numerical results highlight how the ma-
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terial anisotropy influences the strain localisation appearance during gallery excavation in case of an isotropic initial stress state. When considering the Callovo-Oxfordian claystone, its anisotropic stress state must also be taken into account because it influences the fracturing structure. For strain localisation approach, the stress anisotropy has been considered for a gallery oriented parallel 510 to the minor horizontal principal stress σ h in [3, 42] but not for a gallery parallel to the major horizontal principal stress σ H . For a gallery parallel to σ h and for an isotropic mechanical behaviour of the rock, the results in [3, 43] indicate that the initial stress state anisotropy in the gallery section controls the fracturing appearance and pattern. For a gallery parallel to σ H , the major stress is in 515 the axial direction and the stress state is quasi-isotropic in the gallery section (σ h ≈ σ v ). It requires an anisotropic mechanical behaviour of the material to exhibit strain localisation during the excavation. The modelling detailed hereafter includes the major horizontal principal stress in the longitudinal (axial) direction of the gallery. 
Shear banding pattern
The evolutions of the total deviatoric strain and plastic zone during the drilling are illustrated in Fig. 10 (a) and (b) . The plastic zone is represented by the plastic loading integration points (red squares) and the Von Mises' equivalent deviatoric total strain, i.e. total deviatoric strain, is defined as:
ijˆ ij (14) whereˆ ij = ij − kk 3 δ ij is the deviatoric part of the total strain field ij . In Fig. 10 , one can observe the appearance and the development of the shear bands before the end of the excavation (25 days). In fact, the complete formation of shear bands occurs between 19.6 and 25 days that correspond to a radial to-525 tal stress at gallery wall of 0.84 M P a and 0.3 M P a, respectively. The strain localisation develops preferentially in the horizontal direction. This strain localisation development is governed by the cross-anisotropic plastic mechanical characteristics of the claystone [5] .
To better understand the preferential development of the EDZ in the hori-530 zontal direction, let us consider the cohesion around the gallery at the beginning of the strain localisation appearance (19.6 days) in Fig. 10 (c) . During the excavation, the radial stress decreases at gallery wall and the orthoradial stress increases. It engenders a loading that tends to be parallel to the bedding planes in the vertical direction and perpendicular to the bedding planes in the hori-535 zontal direction. Above and below the gallery, the cohesion increases due to the loading evolution which prevents the development of shear bands in this direction. In the horizontal direction, the cohesion slightly increases but less than in the vertical direction because of the stress component in the axial direction of the gallery. At 45
• with the horizontal, the cohesion remains low. Conse-540 quently, the shear bands start appearing where the resistance of the material is the lowest (at about 45 • ) and the development of the strain localisation zone propagates in the horizontal direction during the rest of the drilling (from 19.6 to 25 days). In the shear bands, the cohesion decreases because of softening plasticity ( Fig. 10 (c) ). After the drilling, the pattern of shear bands does not evolve significantly and an increase of the deformation is observed within the shear bands because of plastic strain localisation. Furthermore, the material becomes progressively elastic close to the gallery ( Fig. 10 (b) for 60 days and 100 years of calculation) but the process of elastic unloading takes more time than for the previous 550 modelling (Fig. 8) . The latter is related to the cohesion softening in the shear bands ( Fig. 10 (c) ) which maintains the rock in plastic regime. The decrease of cohesion opposes the effect of drainage and delays the elastic unloading in the strain localisation zones.
The full shear band pattern is recomposed by symmetry in Fig. 11 . The 555 observed shape is in good agreement with experimental measurements of the shear fracture pattern and extent around the gallery [2] . The extent of the numerical shear banding zone is compared in Table 5 to the in situ measurements of shear and tensile fractures around the gallery [2] . It indicates a satisfactory agreement. The shear banding zone extent lies between the mixed (shear and 560 tensile) fracture zone and the shear fracture zone.
Gallery convergence and rock deformation
The diametrical convergence of the gallery is illustrated in Fig. 13 and compared to experimental measurements of the GCS gallery convergence [1] . Because the convergence measurement sections are installed after the excavation 565 front, the beginning of the measurements corresponds to the 14th day of the numerical modelling. In fact, the excavation front crosses the studied gallery section after 14 days in the numerical modelling as described in the deconfinement curve used in the present benchmark. Two numerical convergences are detailed in Fig. 13 : one from the beginning of the calculation (day 0) that includes the 570 rock deformation developing before the excavation front crosses the studied section, and another from the excavation front (day 14) that corresponds only to the gallery convergence. The numerical modelling captures correctly the convergences for both directions; nonetheless, the viscosity effects seems to remain limited in the long term.
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In the Andra's URL, displacement measurements in the rock mass around galleries are also realised in addition to the measurements of diametrical con-vergence. They are performed with borehole extensometers drilled from the considered gallery or from a pre-existing gallery. These extensometers record the radial displacements between the gallery wall (tip of the extensometer) and 580 the anchors located at different depths in the rock formation. These measurements permit to quantify the displacement and the deformation of the rock.
The first borehole extensometer that is studied was drilled in the context of the mine-by experiment of the GCS drift. This experiment is a state-of-the-art project that aims to characterise the various impacts of underground drilling 585 on the rock [1] . Before the GCS drift was excavated, different instrumented boreholes were drilled from surrounding galleries towards the location of the future drift. These boreholes contain extensometers, pore pressure sensors, and inclinometers. Among them, the borehole extensometer OHZ1501 was drilled horizontally from the GAT gallery, located 30 m away from the GCS location. ( Fig. 14 (b) ).
In the numerical modelling, the relative radial displacement between any location and the gallery wall corresponds to:
where u r and u Γ r are the current radial displacements of a considered material point and of the gallery wall for the same orientation. The relative radial displacements are compared to the experimental measurements for both boreholes in Fig. 15 where:
and the different distances from the gallery wall correspond to the anchors of the extensometers. The numerical results are detailed only after the excavation front crosses the studied gallery section: from 14 days in Fig. 15 (a) and from 17.4 days in Fig. 15 (b) . The latter time corresponds to the position of the second 605 borehole, in fact it was drilled 1.2 m behind the gallery front, which corresponds to 17.4 days in the convergence confinement curve described in the benchmark "Transverse action". As for the gallery convergence, the displacements are satisfactorily reproduced unless for the long-term horizontal displacements.
Viscosity effect
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The elasto-viscoplastic model can be tested for different sets of viscoplastic parameters to highlight their influences on deformation and gallery conver- gence. In fact, the increases of convergence and relative displacements in the long term could be better reproduced by adjusting the viscoplastic parameters of Table 4 . These parameters come from experimental data fitting based indicates that these parameters generate only a limited long-term deformation.
In fact, the numerical curves for both convergences are relatively close in the long term. The viscoplastic parameters must be adapted to increase the long- in the GCS gallery while the convergence measurements in Fig. 16 are related to several measurement sections, which make them more reliable in a general 645 sense.
Conclusions
The benchmark "Transverse action" conducted by Andra, the French national radioactive waste management agency, consists in developing and calibrating numerical models for the Callovo-Oxfordian claystone with the purpose The gallery convergence and rock deformation are also well reproduced. The convergence anisotropy is reproduced thanks to the shear banding appearance with a larger convergence in the direction of the location of the shear bands.
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Furthermore, creep deformations have been introduced with a viscoplastic mechanism which allows to reproduce the increase of convergence in the long term.
